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Laser Magnetic Resonance Spectroscopy of Atoms 

* 
K . M .  Evenson and M .  lnguscio 

Time and Frequency Divis ion ,  National Bureau of Standards 
Boulder,  CO 80303, USA 

Laser magnetic resonance ( L M R )  us ing  o p t i c a l l y  pumped f a r - i n f r a r e d  l a s e r s  i s  
a powerful spec t roscopic  technique  f o r  i n v e s t i g a t i n g  molecules.  I t  has been 
a l r eady  proven by applying i t  s u c c e s s f u l l y  t o  d e t e c t  and study t h e  r o t a t i o -  
n a l  s p e c t r a  of t r a n s i e n t  molecular s p e c i e s ,  inc luding  metas tab le  l e v e l s  and 
ions  ( 1 ) .  The a p p l i c a b i l i t y  of LMR t o  atoms, however, meets w i t h  some d i f f i -  
c u l t i e s . T h e  main one i s  t h a t  a C W  l a s e r  l i n e  i n  near co inc idence  w i t h  a su i -  
t a b l e  atomic t r a n s i t i o n  may not be a v a i l a b l e  on account of the much smal le r  
number of atomic energy l e v e l s  r e l a t i v e  t o  t hose  of even a simple molecule. 
Besides t h i s ,  s ince  atomic t r a n s i t i o n s  i n  t h e  f a r  i n f r a r e d  a r e  mostly magne- 
t i c  d i p o l e  in  na tu re ,  t h e  s e n s i t i v i t y  of absorp t ion  spectroscopy t o  atomic 
t r a n s i t i o n s  i s  g r e a t l y  reduced. To d a t e  only atomic oxygen ( 2 , 3 ) ,  atomic ca- 
rbon ( 4 )  and atomic s i l i c o n  ( 5 )  have been measured. On t he  other hand, t he re  
a r e  many reasons  f o r  i nves t iga t ing  atoms: t he  f r ac t i !  a 1  accuracy of t h e  f r e -  
quency de termina t ion  using LMR i s  of t h e  order  of 10 
o f  magnitude more accura te  than d a t a  f o r  t he  f i n e  s t r u c t u r e s  der ived  from 
o p t i c a l  s p e c t r a .  The high accuracy of d i r e c t  f i n e  s t r u c t u r e  measurements can 
exped i t e  a s t rophys ica l  searches  f o r  t n e  s p e c i e s ,  as f o r  t h e  case  of atomic 
carbon ( 6 ) .  Furthermore i n  ca ses  where more than one Zeeman coinc idence  i s  
observed ,  IMP d a t a  a l s o  produces atomic g,; f a c t o r s  with enough accuracy t o  
t e s t  t h e  complex c o r r e c t i o n s  t o  Russell-Saunders va lues  which have been re -  
c e n t l y  computed f o r  complex atoms. 
B r i e f l y ,  t h e  experimental appara tus  c o n s i s t s  of a f a r - i n f r a r e d  gain c e l l  
pumped t r a n s v e r s e l y  by a grating-tuned C0 l a s e r  and separa ted  from t h e  in -  
t r a c a v i t y  sample region by a polypropylene beam s p l i t t e r  a t  Brewster angle 
t o  t n e  f i r  l a s e r  beam. The sample reg ion  i s  placed between t h e  ring-shimmed 
Hyperco 38 cm pole caps of an electromagnet producing a 7.5 cm diameter h o -  
mogeneous f i e l d  r eg ion .  Two coaxia l  flow tubes  extend t o  t h e  per imeter  o f  
t h e  l a s e r  beam where the  atom t o  be i n v e s t i g a t e d  i s  produced. A s  a t r a n s i t i o n  
i n  t n e  atom i s  tuned i n t o  co inc idence  with t h e  l a s e r  frequency by t h e  magne- 
t i c  f i e l d ,  t h e  t o t a l  f a r - i n f r a r e d  power i n s i d e  t h e  l a s e r  c a v i t y  changes and 
i s  modulated a t  10 KHz by a ' p a i r  of Helmholtz c o i l s .  The l a s e r  ou tput  i s  dete- 
c t ed  with a helium-cooled germanium bolometer and t h e  s igna l  i s  fed  t o  a 
lock- in  a m p l i f i e r .  The demodulated o u t p u t  s igna l  i s  approximately equal t o  
t h e  f i r s t  d e r i v a t i v e  of t he  absorp t ion  s i g n a l .  
The powerfulness of t he  technique i s  demonstrated f o r  atomic s i l i c o n ,  where 
t o  a l l  t h e  d i f f i c u l t i e s ,  a l s o  t h a t  r e l a t e d  t o  t h e  production of enough den- 
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Fig .  1 - LMR s igna l  of S i  from the 129.5 um (2314111.3 M H z )  l i n e  of CH OH - 3 a t  0.11212 T .  This s igna l  was recorded w i t h  a 0.1 second time 

c o n s t a n t .  The linew+c'th i s  0.00032 T corresponding t o  about 6 MHz 

s i t y  of a r e f r a c t o r y  element must be added. The atom i s  produced i n  a r q a c t i -  
on between F atoms and s i l a n e  (SiH 1 .  Fluor ine  atoms a r e  produced in  a 2450 
MHz d i scha rge  through a d i l  t e  mix ture  of F i n  He. I n  Fig.  1 i s  shown the 
LMR r eco rd ing  of t h e  3P 
sEat: resonant  w i t h  a CH OH l a s e r  l i n e .  The s igna l - to-noise  r a t i o  i s  e x c e l l e -  
n t  I p  s p i t e  of the r e l a t i v e l y  low atomic t r a n s i t i o n  p r o b a b i l i t y  (A=8 .25  x 10-6 
sec  
and 
(2311753.6 K!Hzl w i t h  one of t h e  h ighes t  accu rac i e s  ever  ob ta ined  by LMR.  
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Y .  2 - P f i n e  s t r u c t u r e  t r a n s i t i o n  of S i  in i t s  ground 0 1  
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Ext ra  resonances have a l s o  been observed w i t h  l a s e r  l i n e s  from CD OH 
C b  OH y i e l d i n g  gJ f a c t o r - 1 . 5 0 0 8 3 0  (70 )  - and f i n e  s t r u c t u r e  sepa ra t ion  13) ;  3 
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